Introduction
Surface plasmon resonances (SPRs) excited by an incident photon beam and provoking a collective oscillation of conduction electrons have a vast number of potential applications in a diverse range of prospective devices such as optical computing, optical switching, [1] [2] [3] biosensors [4] and cancer treatment. [5] Silver and gold metal nanoparticles (MNPs) have attracted particular attention due to their strong interaction in the visible and NIR regimes, while an extension of plasmon resonance into the UV light regime was demonstrated for Al MNPs [6] and hole arrays. [7] Most work on silver nanorods has been carried out with chemically grown samples produced by 'soft template' methods [8] [9] [10] [11] that have
shown excellent plasmon resonances. Other popular techniques used for forming silver nanorods and nanowires are electroplating into polycarbonate [12, 13] or alumina [14] [15] [16] [17] [18] [19] [20] [21] templates. The latter techniques have the advantage that nanorods or nanowires with larger aspect ratios and vertical alignment can be grown. Good Raman enhancement has also been shown by silver nanorods grown under oblique angle deposition. [22] This paper focuses on the extension of confined SPRs to silver nanorods of $300 nm in length and a 22 nm diameter, allowing for the excitation of specific SPRs in the visible optical regime. Moreover, since the silver nanorods are arranged in a quasi-hexagonal 2-dimensional array with approximately 60 nm inter-rod spacing, near-field coupling between the nanorods becomes important. This leads to several new optical features as well as allowing the electric field distribution in such a device to be tuned. We focus here on silver (Ag) nanorod arrays owing to the particularly good scattering properties of this material in the visible optical and hence the potential for useful applications. In order to maximize these effects, it is essential to understand the electromagnetic field distribution and its spatial and temporal variation in such a device as a function of aspect ratio (¼length vs. width) and spacing of the nanorods. [23] The experimental observations presented here are accompanied by a rigorous theoretical analysis to test the validity of the modeling that may be used, ultimately, to optimize device structure for best performance
Results

Transmission Spectra
The nanorod arrays are produced by direct electroplating into thin film alumina (AAO) templates grown on glass substrates. [24] Transmission spectra were measured at different angles of incidence using an Unicam UV4 UV-Vis spectrometer with the addition of a polarizer in the incident beam (Fig. 1) . Figure 2 displays the extinction spectra [-ln(I/I 0 )] for a 2D-Ag nanorod carpet array still embedded in the alumina matrix measured with p-polarized white light for different incident angles. The nanorods are 300 AE 10 nm long and have a diameter of 20 AE 2 nm (aspect ratio of 15). The inter-rod spacing was fixed to 60 (AE5) nm. The anodized alumina film matrix (AAO) also measures 300 nm in thickness, and hence the silver wires were grown to the top of the pores -as indicated by an increasing deposition current.
At normal (0 8) incidence (perpendicular to the substrate) only a single broad peak is observed at $375 nm (black curve in FULL PAPER Silver nanorods have been grown by electrodeposition into thin film porous alumina templates (AAO). Optical transmission measurements using p-polarized incident white light shows clear plasmon resonance extinction peaks. We successfully model the dependence on angle in incidence of extinction peak height and position using a multiple-multipoles (MMP) approach with the different spectral features being clearly associated with the effective electric field distribution and coupling between individual nanorods. Fig. 2 ). By comparison with the absorbance spectra of electrochemically [15, 20] and chemically [8, 11] grown silver nanorods this peak at shorter wavelength can be assigned to the transverse resonance of the silver nanorods. As the angle of incidence is increased to 20 8, a second peak is observed to appear centered at $572 nm. The second peak at longer wavelength is associated with the longitudinal axis of the silver nanorods and measurements with s-polarized incident light (inset in Fig. 3 ) tend to support this finding since only one single absorption peak is observed, positioned at 375 nm, for all angles of incidence. However it should be noted that the Gans theory for isolated ellipsoids [25] would predict a longitudinal peak in the infra-red, not the visible, for silver nanorods with aspect ratio 15. As we will show the peak we observe is actually a collective property of the nanorod array due to strong coupling between the nanorods. Note that, due to the nanorod being vertically aligned, we do not excite the electric field directly along the long axis of the nanorods. This is an important difference from nanorods in solution or dispersed horizontally on a substrate. As the angle of incidence of the p-polarized light is increased further to 30 8 ( Fig. 2) we see that the longitudinal related peak increases in magnitude. However, as the angle of incidence is increased again to 40 8, a sudden decrease in the oscillator strength and a small broadening is observed. As the angle is increased further the absorbance of the longitudinal related peak decreases before increasing again but this time at a lower wavelength of $537 nm, a considerable peak shift of 35 nm. Similar behavior was noted for gold nanorods without explanation in a previous paper. [24] It should be noted that this behavior is related to nanorod length and is not seen for shorter (<200 nm long) silver nanorods. Next the alumina was removed by etching it in NaOH (75 mM) to leave an array of silver nanorods in air. Figure 3a depicts a SEM image of the sample after complete removal of the alumina, while Figure 3b shows the corresponding optical transmission data for p-polarized incident light. For zero angle of incidence it can be seen that the transverse peak of the silver nanorods has now blue shifted from 375 nm to 348 nm and become narrower compared with before etching. As the angle of incidence is further increased the peak at 470 nm increases (<60 8) and above 40 8 an additional peak at $400 nm is also observed. Figure 1 . Schematic diagram of the experimental set-up used for measuring optical transmission spectra of the nanorods, both with and without the silver nanorods being embedded in the thin film porous alumina matrix. Figure 2 . Extinction spectra using p-polarized incident light for various angles of incidence of 300 nm long silver nanorods with 20 nm diameter and 60 nm spacing embedded in a 300 nm thick film of porous alumina. The inset shows the same measurement for s-polarized incident light. 
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Multiple-Multipoles Modeling
The change in peak position and the decrease in the extinction with increasing angle of incidence of the longitudinal related peak for 300 nm long silver nanorods embedded in the alumina matrix (Fig. 2 ) is unexpected and cannot be explained using the modified Maxwell-Garnett theory we have used previously. [26] This also holds for the appearance of a 'third peak' at $400 nm in the extinction spectra of arrays of silver nanorods at higher angles of incidence (Fig. 3b) . In order to gain a more fundamental understanding of this behavior, we modeled both cases using the semi-analytical method of multiple-multipoles (MMP). [27, 28] MMP allows for 3D calculations both in the electromagnetic near-and far-field, and hence sheds light on both aspects. Note that previously reported theoretical calculations using the finite element and Maxwell-Garnett theory focused either on the near-field [29, 30] or the far-field [26] aspects only. MMP offers a concise and scale independent converging theoretical approach for modeling the nanorod array structures presented here. The MMP model consists of Ag [31] nanorods that are periodically arranged in a regular two dimensional and infinite square lattice with lattice size d (Fig. 4a) . As the basis functional solutions, plane waves, different multipoles as well as the Rayleigh expansions were used as sketched in Figure 4b .
Rayleigh expansions are periodic functions describing either evanescent fields or plane waves. Their benefit is they allow an automated calculation of their orientation using periodical boundary conditions and the Floquet criterion. In order to calculate transmission spectra in accordance with the experiment, the nanorod arrangement was excited with a p-polarized incident plane wave. Then, all the necessary expansion coefficients were calculated and the amplitudes of the transmitted plane wave, which is one of the Rayleigh expansions, were recorded in the forward direction for several wavelengths and variable incident angles. For larger distances (d > l) and small nanorod sizes (a,b) the resulting extinction spectra converged to the spectra of the quasi-electrostatic approximation of the extended Mie-Theory for a single spheroid. [32] Such a convergence is required in order to demonstrate the validity of the model. Furthermore, for investigating the SPR modes inside the structure, the near-field distribution of the electric field was obtained using the calculated expansion coefficients of the multipoles. Figures 5 and 6 illustrate the theoretically obtained extinction spectra for the silver nanorod arrays, under p-illumination, with and without the AAO matrix respectively. For the silver nanorods still embedded in the AAO matrix (see Figs. 2 and 5 ) the calculated extinction spectra show the same basic behavior as was observed for the experimental data:
(1) a single peak at $380 nm for normal incidence (0 8) which remains stationary for increasing angle (2) A peak at long wavelength that initially increases with the angle of incidence and (3) then decreases as a second corresponding peak at slightly shorter wavelength increases.
The magnitudes of the extinction peaks, as well as the position of the peak at 380 nm, all show good agreement with . Calculated optical extinction spectra using p-polarized light for various angles of incidence. The array consists of individual Ag nanorod measuring 300 nm and 22 nm in length and diameter respectively, and a 60 nm spacing between the rods. Note that these nanorods are fully embedded in a AAO matrix with n ¼ 1.6. Insets: Field plots of the averaged electromagnetic field at the two resonances (20 8, 710 nm) and (50 8, 650 nm). Colour range: yellow -high field strength; black -low field strength. To emphasise the mode structure the plots are not to scale.
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experiment. However, the positions of the two 'longitudinal' related extinction peaks are predicted to be $100 nm redshifted from where they are actually observed (710 nm vs. 570 nm, and 650 nm vs. 535 nm). Also the maximum extinction with angle for the peak at the longest wavelength is predicted to occur at an angle of incidence of 20 8, whilst experimentally it is 30 8. The reasons for this discrepancy will be dealt with in the next section. It is also interesting to note in Figure 5 that the 'transverse' extinction peak at 380 nm is predicted to decrease in height with increasing angle. Whilst this behavior is not seen for the 300 nm long silver nanorods it is observed for shorter (150 nm-200 nm) silver rods embedded in alumina. This may indicate that multipole plasmon resonances within a nanorod [33] play a role but additional evidence is needed.
For the bare silver nanorod arrays (AAO matrix removed Fig. 6 ) the normal incidence extinction peak is predict to red shift to 340 nm, which is in good agreement with what is experimentally observed (Fig. 4b) . As the angle of incidence increases, peaks are predicted at 490 nm (20 8) , 450 nm (40 8) and 420 nm (50 8). Experimentally (Fig. 3b) a peak which increases with angle at 470 nm and a second peak that appears above 50 8 at 400 nm are observed.
Discussion
The theoretical calculations can also provide insight into the electric field distribution and coupling between plasmons bound to the nanorods. The insets in Figures 5 and 6 illustrate these electromagnetic field plots associated with the different extinction peaks. Each plot shows a cross section through two neighbouring nanorods (out of the infinite arrangement). The electric field is averaged over a whole temporal period of the incident light. For both cases -with or without AAO -the peaks with the lowest energy are correlated to the 1 st -order mode having the field maximum in the middle of the structure, i.e. approximately at half-length. The field plot of the next peak shows a node in the middle of the structure and two maxima below and above that node. It is therefore associated with the 2 nd -order mode. In the case without AAO (Fig. 6 ) it is even possible to see the 3 rd -order mode which has two nodes, three maxima and thus is associated with the peak having the third lowest energy. The peak with the highest energy is always correlated to the short axis or 0 th -order mode. Note, the field strength decreases gradually from top to bottom due to plasmon damping leading to smaller anti-nodes at the bottom than at the top for the 2 nd -and 3 rd -order modes. Nevertheless, it is possible to clearly distinguish the different plasmon modes from each other. Although they look similar to the modes of single metal nanorods as shown by [33] [34] [35] they differ in several important aspects owing to the nanorod arrangement. Firstly, because the nanorods are closely spaced there is a strong coupling between the plasmons of neighboring nanorods, [26, 30] which leads to a peak being observed which, whilst related to the longitudinal resonance for an isolated nanorod, is actually a collective property of the nanorod array and is significantly blue shifted from what would be predicted for an isolated nanorod. [36] . And secondly, because the nanorods are vertically aligned, the different modes are only excitable for certain angles of incidence. For noninteracting silver or gold nanorods, for example in solution, the 'hot spot' of maximum field intensity is normally located at the end of the rod. [7] However the calculations for our structure
show that the interaction between the gold and silver nanorods leads to the 'hot spot' being located between the nanorods. This has some advantage for fluorescence where the close proximity of metal particles can lead to quenching. The red-shift and the smaller resonance angles of the calculated results for silver nanorods embedded in the alumina matrix compared to the measured spectra may be attributed to the following issues:
(1) As the actual dielectric function of these Ag nanorods is not directly accessible, we used bulk values for silver [31] as reported in literature. However, depending on the choice of bulk data-sets, the centre peak positions were found to vary considerably and could scatter over a 40 nm spectral range. (2) To simplify the model, the 5 nm gold and 20 nm Ta 2 O 5 base electrode layer was neglected in the calculation. (3) The nanorod geometry used for the calculation was quadratic (Fig. 2a) , whilst ordered alumina is usually quasi-hexagonal. [37] This may lead to a different coupling strength between the nanorods. (4) Imperfections of the samples -both in terms of periodicity and structure of the electroplated silver -may lead to a broadening of spectral features and hence to a significant peak overlap. In fact, this is presumably the case for the structure measured without any AAO matrix where the first two peaks of the simulated spectrum may be appearing as only a single experimental peak. 
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Conclusions
We have fabricated 2D silver nanorod arrays by electrochemical growth into thin film porous alumina templates and measured their extinction spectra in the visible regime. An unusual dependence of the extinction peak height and position on angle of incidence was observed for silver nanorod arrays embedded in alumina. Three extinction peaks were observed at high angles of incidence for bare silver nanorod arrays. A multiple multipole approach has been used to model the optical behavior of the arrays for incident p-polarized light and it has been found that these various resonances can clearly be associated with plasmon modes of different orders.
The nanorod array arrangement allows the optical transmission to be tuned into a spectral regime with optimal characteristics, i.e. either selecting high absorptive or transmissive properties. In addition our calculations allow us to make predictions for any material applicable to the spectral range of interest, i.e. producing nanorod arrays with exactly known optical features.
Experimental
The nanorod arrays are produced by direct electroplating into thin film alumina (AAO) templates grown on glass substrates [24] . In order to prepare the alumina templates, first a 20 nm thick layer of tantalum oxide was deposited onto a glass substrate by reactive ion sputtering. A 5 nm gold layer followed by a 300-450 nm thick aluminum was then sputtered onto the tantalum oxide. The aluminum was subsequently anodized in 0.3 M sulfuric acid at a typical voltage of 30 V to produce pores with a 20 AE 4 nm diameter and 50 AE 6 nm spacing. A platinum counter electrode was used for the anodization and the electrolyte was kept at a constant temperature of 2 8C. Prior to electrodeposition the templates were etched in 30 mM sodium hydroxide for 35 seconds in order to remove the barrier layer at the bottom of each pore. The etching time determines the pore diameter and hence the nanorod cross-section. Silver was electrodeposited under potentiostatic control at a voltage of À0.3 V vs. a saturated calomel electrode (SCE). The electrolyte used consisted of AgBr (0.1 M), sodium sulfite (0.2 M) and sodium thiosulfate (0.25 M) in water [38] . Transmission spectra were measured at different angles of incidence using an Unicam UV4 UV-Vis spectrometer with the addition of a polarizer in the incident beam (Fig. 1) . The sample structure was characterized using a Jeol 6500F field emission scanning electron microscope (SEM).
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